Fatigue Effects on Manual Lifting Acceleration. by Kim, Youngjoun
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1992
Fatigue Effects on Manual Lifting Acceleration.
Youngjoun Kim
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Kim, Youngjoun, "Fatigue Effects on Manual Lifting Acceleration." (1992). LSU Historical Dissertations and Theses. 5322.
https://digitalcommons.lsu.edu/gradschool_disstheses/5322
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
U niversity M icrofilms International 
A Bell & Howell Information C o m p a n y  
3 0 0  North Z e e b  R oad. Ann Arbor. Ml 4 8 1 0 6 -1 3 4 6  U SA  
3 1 3 /7 6 1 -4 7 0 0  8 0 0 /5 2 1 -0 6 0 0
Order Number 9301070
Fatigue effects on m anual lifting  acceleration
Kim, Youngjoun, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1992
UMI
300 N. Zeeb Rd.
Ann Arbor, MI 48106
FATIGUE EFFECTS ON MANUAL LIFTING ACCELERATION
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Interdepartmental Programs in Engineering
by
Youngjoun Kim
B.S., in Engineering., The Korean Air Force Academy, Korea. 1975 
B.S., in I.E., The Seoul National University, Korea. 1978 
M.S., in I.E., The Seoul National University, Korea. 1981
May 1992
ACKNOWLEDGEMENTS
The author wishes to express his sincere appreciation to his 
committee chairman, Professor Kwan S. Lee of the Department of 
Industrial and Manufacturing Systems Engineering for providing 
valuable advice and guidance during the long course of the 
study, and to his committee members professors Ralph W. Pike, 
David E. Thompson, Roger L. Burford, Fereydoun Aghazadeh, 
Avinash M. Waikar, and Ben Sidaway, for their helpful 
criticism. The author wishes to acknowledge the specific 
contributions of professor G. Macgill, Dr. Ben Sidaway, and 
Kwangjoun. Choi of the Kinesiology Department, for their help 
in using the equipment (Peak Performance System) and providing 
ideas for experimental design. Special thanks go to The Korean 
Air Force, and my family for their generous financial and 
mental support.
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS .....................................  ii
LIST OF TABLES .....................................................................................................................................V
LIST OF FIGUBES .......................................v±
ABSTRACT............................................. ix
CHAPTER 1 INTRODUCTION
1.1 Thesis statement ...........................  1
1.2 General lower back problem.................  1
1.3 Research objectives ........................  4
1.4 Scope of research..........................  4
1.5 Contribution of research ...................  6
CHAPTER 2 RESEARCH BACKGROUND ......................  7
CHAPTER 3 METHODOLOGY
3.1 Experimental design ........................  12
3.2 Subjects ...................................  14
3.3 Equipment ..................................  15
3.4 Procedure ..................................  17
3.5 Data collection............................  19
3.5.1 Motion d a t a ............................  19
3.5.2 Electromyography d a t a ..................  22
3.5.3 Energy expenditure d a t a ........  35
3.5.4 Strength d a t a ..........................  36
3.6 Analysis ...................................  37
CHAPTER 4 RESULTS AND ANALYSIS
4.1 Motion analysis ............................  38
4.1.1 Change in load acceleration...........  38
4.1.2 Change in lifting posture .............  49
4.2 Back compressive force analysis ............ . 60
4.2.1 Relationship back compressive force and
load acceleration......................  62
iii
4.2.2 Change in back compressive force  -- .... 63
4.3 Relationship between subject height and load 
acceleration  ............................ . 63
4.4 Physiological Analysis
4.4.1 Electromyography analysis....... . 65
4.4.2 Change in heart r a t e ................ 67
4.4.3 Change in oxygen consumption ........... 68
4.4.4 Relationship between heart rate and 
oxygen consumption....... . 69
4.4.5 Change in energy expenditure ........... 70
CHAPTER 5 CONCLUSION AND DISCUSSION .................  72
CHAPTER 6 FURTHER RESEARCH AND RECOMMENDATIONS..... 77
REFERENCES ............................................  78
APPENDICES
1. Data collect tables  ....     82
2. Peak 2D system software set-up procedures ... 84
3. Peak 2D system hardware.... configuration .  87
4. Peak 2D system data filtering methodology ... 91
5. EMG normalization methodology  .......  92
6. Statistical analysis results ................  93
7. Fast Fourier Transform........ .............  99
8. EMG data collect and analysis Program  .....  100
9. Experiment sign-up f o r m ............ ........  104
10. EMG output c h a r t   ...............    106
V I T A ................................................... 109
iv
LIST OF TABLES
Table Page
1. Summary of anthropometric measurement from
10 subjects  ..........    15
2. Lifting time vs peak acceleration........   59
3. Subject anthropometric data and strength test
data form  ............     82
4. Oxygen consumption and heart rate data form .... 83
v
LIST OF FIGURES
Figure Page
1. Wooden box used as a load  ..........  12
2. Lifting system.....................................  13
3. Experimental layout................................ 17
4. Digitizing points for Peak-2D system...............20
5. Position of the electrodes on the local muscles .... 23
6. Schematic diagram of EMG data collection procedure . 24
7. Lifting period synchronization circuit ............  25
8. Electric circuit diagram ........................... 26
9. Circuit response diagram  .............    26
10. EMG data collection diagram  .........  28
11. EHG spectral density.............................. 31
12. Frequency response analysis set-up diagram .......  32
13. Frequency response analysis curve.....    33
14. Oxygen consumption and heart rate measurement
system  .........................     35
15. Strength tester and monitor ...................... 36
16. Typical mean load resultant acceleration ........  39
17. Change in mean load acceleration subject 1-5   40
18. Change in mean load acceleration subject 6-10 .... 40
19. Change in mean load resultant acceleration for
all subjects......................................  42
20. Typical load acceleration curve (Horizontal and 
vertical) ......................................   42
21. Change in mean load acceleration for work duration 
(Horizontal and vertical) .......................... 43
vi
22. Typical load acceleration In a lifting period ....  44
23. Change In load peak acceleration m e a n ......   44
24. Change In lifting time ....................   45
25. Change In peak lifting t i m e ......................  46
26. Change In lifting velocity..................  47
27. Change In hip, center of mass, and elbow
acceleration ....................    49
28. Change in knee angle at the initial lifting point 
subjects 1-5  .............     50
29. Change in knee angle at the initial lifting point 
subjects 6-10 ......................................  51
30. Change in knee angle at the initial lifting point
for work duration............ ...... ........ . 51
31. Distance of hip to load at the initial point ...... 52
32. Change in mean distance between hip-to-load for all 
subjects ........     53
33. Typical change in hip joint lateral movement .....  54
34. Change in hip joint shift with work duration.......54
35. Change in joint angular acceleration  ......... 55
36. Peak load acceleration vs peak lifting time ....... 57
37. Change in jerky lifting.....................   59
38. Back compressive force and load acceleration ...... 62
39. Change in back compressive f o r c e.....   63
40. Relationship between subject height and peak 
acceleration  ..............     64
41. Change in EHG amplitude............ .......... . 65
42. EMG FFT analysis for leg, arm, and b a c k .......   66
43. Change in heart rate  .............    67
44. Change in oxygen consumption .....................  69
vii
45. Relationship of heart rate and oxygen
consumption  .........  69
46. Change in energy expenditure for work duration .... 71
47. Peak performance software flow diagram......   84
48. Peak performance hardware block diagram.........   87
viii
ABSTRACT
The objective of this research was to study the effects of 
fatigue on lifting acceleration and posture caused by 
repetitive manual lifting. Electromyogram, oxygen consumption 
and heart rate were used as indices of a subject's 
physiological fatigue. Data were collected for a period of two 
hours of continuous lifting, at a rate of 4 lifts per minute 
using the free-style posture. A box of fixed dimensions (30cm 
x 30cm x 20cm) and fixed weight (15.9 Kg) was used as load. 
It was found that the average load acceleration increased with 
work duration. Peak acceleration was found to be maximum in 
the initial lifting period of zero to 0.3 seconds. Back 
compressive force was highest at the beginning of a lifting 
cycle. It was found that the shorter subjects' lifting 
technique was more stable than taller subjects'. It was also 
found that lifting posture changed from stoop to squat and 
then back to stoop during two hours of lifting. EMG analysis 
showed that arms were stressed most during the initial lifting 
phase (that is in the stoop position). EMG level of a leg was 
higher when the squat posture was used.
CHAPTER 1. INTRODUCTION
1.1 Thesis statements
This dissertation demonstrates that fatigue causes workers to 
increase lifting acceleration. The results of this research 
will hopefully be of use in improved job design and in the 
prevention of back injuries.
1.2 General lower back problem
Back pain, though not truly a disease, is a serious societal 
problem. Disability resulting from back pain continues to 
increase annually at an alarming rate. Contrary to popular 
opinion, advancement of technology and automation have not 
eliminated the manual material handling. People are still 
relying upon their hands and lower back in handling heavy 
loads at home and at work and thus get their lower backs 
injured. Back injuries are costly in terms of pain, employee 
turnover, medical bills, loss of time, productivity, and 
workman's compensation claims. In 1984, back injuries 
accounted for 32% of all occupational disability cases and 
consumed 42% of all compensation payments (Goldeberg, 1980). 
During the same year, the total cost of occupational back 
injuries was slightly under $14 billion. The back pain is also 
the most frequent cause of activity limitation in persons
1
2under 45 years of age, and accounts for about one-sixth of all 
occupational injuries (Chaffin & Anderson, 1984).
The back injuries are believed to be caused primarily by 
overexertion associated with manual material handling tasks. 
The National Institute for Occupational Safety and Health 
(NIOSH, 1980) reports that over 60% of patients with lower 
back pain cited overexertion as the principal cause. 
Approximately two-thirds of these cases involved lifting, and 
about 20% involved pushing or pulling (Keyserling, 1989).
There has been much effort to reduce the lower back problem. 
One of those effort was to design the occupational tasks to 
minimize the back injury potential. The relationship of 
loads, postures, and electromyographic data has been used by 
many researchers to predict muscle forces, and development of 
fatigue of lower back muscles which is then used to design 
safe tasks. In spite of these efforts, the number of back 
injuries have not reduced much. This may be because of the 
musculo-skeletal system termed as "the spine", which is one of 
the most complex system in the human body and the factors 
affecting the spine system not only influence the spine but 
they also influence each other. For example, the causes of 
lower back injuries are usually related to the posture of 
lifting, the load, muscle fatigue, and other factors. These 
factors have been studied individually, but these influence
3has not been studied together. The load varies depending upon 
the lifting acceleration. Because of the muscle fatigue, a 
person may change his/her lifting posture which in turn 
changes the stress on the lower back. Therefore, this research 
is intended to study the simultaneous effects of these 
factors.
41.3 Research objectives
The objectives of this study was to examine the lifting 
acceleration changes and changes in lifting posture caused by 
physiological fatigue during a two hour work duration, and to 
investigate the possibility of a relationship between the load 
accelerations, the lifting posture, and the resulting 
physiological work stresses. The relationship between back 
compressive force and lifting acceleration was also studied.
1.4 Scope of research
In this research, both biomechanical and physiological 
variables were examined. The biomechanical study was conducted 
to investigate the lifting motion and back stress. 
Physiological study was conducted to investigate the local 
muscle fatigue and metabolic energy changes required. The 
following flow chart summarizes the scope of this study.
Task Factors Job Design
L o a d  w e i g h t  
F r e q u e n c y  
D u r a t i o n  
L i f t i n g  h e i g h t
Long-Term Work
O x y g e n  c o n s u m p t i o nPhysiological
Fatigue EMG ( S t r e n g t h  T es t )
Mo t i o n  Anelyala
< -Change ofChange of Pealc-2D 8 y» U m
PostureAcceleration
B l o m e o h s n l o m l  M o d e l
(F o r c e  A na ly s i s )
Back Stress
Back Injury
No
RedesignC a p a c i ty yS Acceptable
O verexer lio n
Yes
Stop
Summary of Scope of Study
61.5 Contribution of research
Most actual lifting tasks in industry are performed at 
various lifting speeds resulting in different accelerations. 
Biomechanically, acceleration affects low-back fatigue level 
and, therefore, is a potential source for lower back injuries. 
However, all previous researches have failed to consider the 
change in load acceleration in a long period of lifting work, 
although change of lifting acceleration is a very important 
factor in determining stress level on the lower back. 
Therefore, the effect of long duration of stress on lifting 
characteristics, especially, acceleration was investigated in 
this study.
CHAPTER 2. RESEARCH BACKGROUND
Lower back injury is a serious industrial problem in the 
United States because of high medical and legal expenses 
(Goldberg, 1980). The problem will not go away since many 
industrial jobs still require handling heavy loads (Chaffin & 
Parks, 1973; Ortengren et al., 1980; Anderson, 1971) manually. 
There are many factors affecting the lower back stress level 
in lifting. The load, lifting distance, lifting frequency, 
speed of lifting, and duration such as the posture of lifting, 
the position of lifting, arm motion, head movement, and neck 
motion also need to be studied. Many researchers have been 
interested in finding the relationships between these factors 
and the lower back stress.
The early studies (Nachemson & Morries, 1964; Nachemson & 
Elfstrom, 1970; Ortengren et al., 1977) used the intradiscal 
pressure measurement as the indication of load which was 
measured by myoelectric measurement (Ortengren & Anderson, 
1977). This method was further improved by studying 
calculation of loads on the lumbar spine and trunk muscles in 
static sub-maximum arm lifts (Anderson, 1980) . A good 
correlation was found between the myoelectric signal level and 
the contraction force. Next, static internal force was also 
studied in the field of lifting (Schultz & Anderson, 1981). 
Recently Anderson et al, (1981) also found the ability of the 
lower back to avoid both compression and shear forces with a
7
8small linear motion. They also found relationships among 
muscle contraction forces, disc pressure, and myoelectric 
activity in the lower back. Two groups (Poulsen et al., 1971 
& Keyserling et al., 1980) encouraged the use of a pre­
employment screening method for preventing lower back 
injuries. They suggested that pre-employment screening was 
necessary to ensure that healthy subjects would not deliver a 
faulty sub-maximum effort when attempting to use the static 
lifting strength measurement to predict lower back injuries.
Morrissey (1984) derived a prediction formula for the 
physiological costs of lifting when performed in erect and 
stooped postures. Herrin (1986) investigated five large 
companies in the United States based on the validity of the 
bio-mechanical model. Herrin created a huge data base for the 
models to help prevent lower back injury. This approach, 
however, is limited to specific industries. Generalizations 
regarding lifting strength cannot be made from such models. 
Clarke (1966) and Kroemer (1970) developed a model that was 
based on subjects' maximum voluntary articulation torques in 
relation to some specific position simultaneously by the use 
of a strength tester. Ikai and Steinhaus (1961) and Roush 
(1951) observed that subjects tend to achieve less than their 
physiological capacity. The strength is, therefore, assumed 
only to be voluntary strength. Anderson (1984) and Lee et al, 
(1989) predicted lower muscle force using a two-dimensional 
model. The concept involved utilizing a sagittal plane model
and assumed all the external forces are acting toward the body 
at the center of the grip. The body was also assumed to 
consist of different links (feet, lower legs, upper legs, 
pelvis, trunk, upper arms, lower arms, and hands). Schultz 
(1982) used one more dimension (a total of three dimension) to 
develop his model. The model consisted of the muscle forces 
of the oblique externals and internals, rectus abdomens, and 
erector spinae. Chaffin (1969), Plagenhoef (1963), Pearson 
(1963), and Willims and Lissner (1962) assumed that the basis 
for biomechanical models for lifting recommendation to be the 
body was consisting of several links. The links include feet, 
lower legs, upper legs, pelvis, trunk, upper arms, lower arms, 
and hands. Williams and Lissner (1962) determined that torque 
was the major cause for bone rotation about the articulation. 
Rumsey and Purswell (1971) then observed the torque at the 
articulation, correlated to heart rate, oxygen consumption, 
and ventilation. Chaffin (1967) also observed similar 
physiological variables. Regarding the biomechanical model 
using EMG (Chaffin, 1969), the first application showed a 
degradation of the manual performance capabilities of a 
subject. The model used discomfort and decreased hand 
steadiness as the indicators of performance. Another model, 
studied by Snook and Irvine (1969) concluded that subjects 
without incentive would restrain the weight lifting to corre­
late with a heart rate of 112 beats per minute or less, which 
was well below the maximum rate of 180 beats per minute.
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Chaffin (1969) concluded that humans should limit their lower 
back compression stress at 124 pounds for men and 74 pounds 
for women. The model assumed that lifting an object from the 
floor results in injury to the lumbar column due to sudden 
acceleration.
Asfour (1984) established a model using load lifted, 
frequency of lift, oxygen consumption, heart rate, size of 
box, height of lifting, and lifting technique. Aghazadeh 
(1984) developed another model using lifting height, lifting 
frequency, and static strength. Karwowski (1984) used the 
effect of lifting frequency to study the maximum acceptable 
weight of lift. Morrissey and Liou (1984) emphasized steady 
heart rate, ventilation volume, and metabolic rate to predict 
the load for erect and stooped postures. Also, they studied 
the effect of container size on metabolic costs of carrying 
loads. Genaidy (1985) developed models using oxygen 
consumption rate, lifting frequency and the maximum load 
observed to cause physiological fatigue. Jiang (1985) used 
lifting frequency and lifting height to determine the maximum 
acceptable work load for one hour. Ayoub (1983) used the 
percentiles of population, lifting frequency, container size, 
and lifting height to develop models for lifting prediction. 
Mital (1984) employed a similar approach to Ayoub, the only 
difference being that population percentiles were eliminated. 
Karwowski (1985) used a model of two males to predict static 
strength and maximum lifting capacity. Variables used were arm
11
strength, stooped back strength, and leg strength.
Liou and Morrissey (1985) employed variables such as heart 
rate, ventilation volume and oxygen concentration in the 
expired air to create a model which included body weight, load 
carriage, walking speed, container width, and gender.
All this research can be divided into two categories. The 
first group of researchers approached the problem by building 
whole body models and studying capacity for lifting 
(Chaffin, 1969; Shultz & Andersson, 1981; Kroemer, 1983; 
Frievalds & Lee, 1984; Aghazadeh & Ayoub, 1985; Mital, 1986; 
Pytel & Kamon, 1981; Lee, 1989) while the other group of 
researchers concentrated their efforts on the intervertebral 
joint set apart from the rest of the body. (Gracovetsky & 
Faran, 1986; Anderson, 1985; Marras, 1987)
CHAPTER 3 METHODOLOGY
3.1 Experimental design
The experimental design used for this study was a randomized 
complete block design (RCBD). The response measures were load 
acceleration, EMG, oxygen consumption and heart rate. Each 
subject performed the lifting task 4 times per minute for two 
hours. A time signal generator was used to determine the 
frequency of lifting. Each subject lifted a box (30cm x 30cm 
x 20cm) filled with metal pieces (Figure 1) using a free style 
posture. The box weight was 15.9 Kg and had handles cut-out on 
its sides.
20 CM
I  I ..... | ~ |  T
-----------  20 CM
1 1
(Side View)
Figure 1: Wooden box used as a load
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The task cycle involved lifting the box from the floor to 
the top of a lowering system which is 76 cm high from the 
floor level(Figure 2). This lowering system was custom 
designed for a typical lifting task under real lifting 
situations. The task involved just lifting of the load, no 
lowering task was required. Lowering work was done by a 
lowering system automatically.
Rotating system
8l ldlng a t r u o t u r a
Lifting Height 
Adjusting System
Load Box
Figure 2: Lowering system
Subjects performed a 5 minute practice session (about 20 
lifts during 5 minutes) to get acquainted with the task 
environment, and tasks. After the practice session, the 
subject proceeded to the main part of the experiment for 2 
hours. Response measures (load acceleration, EMG, oxygen 
consumption, and heart rate) were recorded during the lifting 
task. Load acceleration, EMG, oxygen consumption, and heart
14
rate were recorded at the beginning of the experiment and at 
every 30 minutes thereafter.
3.2 Subjects
Ten paid male college students participated as subjects. 
Ages of subject ranged from 22 to 31 with a mean of 26.1 
years. None of the subjects had any experience as a worker 
whose main task was lifting a load. During the experiments, 
subjects dressed in black leotard, shirt, and gloves, to 
eliminate reflections. All subjects were in good physical 
health, with no musculoskeletal or back problems. Subjects 
were not trained to increase muscle strength but had a 
practice session for 5 minutes before the experiment to 
familiarize themselves with the lifting procedures. During the 
initial practice session, subjects were introduced to the 
experimental procedure and objectives. The subjects related 
data is listed in Table 1.
Table 1: Summary of anthropometric measurements and 
strength test data from 10 subjects
Variable Mean
Standard
deviation Range
Age (Years) 26.1 3.047 22-31
Height (cm) 170.9 3.734 165-178
Weight (Kg) 66.7 4.301 62-70
Stoop Lifting 
Strength (Kg)* 67.5 8.534 58-87
Arm strength 25.6 7.25 20-34
* Maximum voluntary isometric strength.
Measurements made in accordance with Chaffin et al.
(1977a)
3.3 Equipment
The following equipment was used, and the experimental setup 
is shown in Figure 3.
1) Peak 2D system (Peak Performance Technologies Inc.)
The motion data were collected using a Peak Performance 
2D Video Analysis System (Sampling rate = 60Hz). This 
piece of equipment can digitize each motion of the 
subject. A VCR was used to record the lifting motions 
which was connected to a computer.
2) 8 Channel EMG system (Chelco Electronics Co., Model- 
101) was used to collect EMG data.
3) Strength tester (Prototype Design and Fablication Co.)
4) Digital electronic exercise/pulse monitor
16
A time signal generator {digital time generator) was 
used to generate beeps after every 15 seconds (4 
lifts/minute)
5) VCR recorder (Panasonic AG-6300)
6) Video camera (Panasonic S-VHS AG-450)
7) Heart rate monitor (Sears 151)
8) Computer (IBM-PC and CompuAdd PC)
9) Oxygen consumption monitor (Water Instruments Co. MRM) 
An Oxygen Consumption Computer (MRM-1) was used to 
measure oxygen consumptions. There was also a Heart 
Rate Monitor to measure the heart rate during entire 
lifting work duration.
10) AD Converter (B & C Microsystems Inc. PCL-711 PC Lab 
card)
An A/D converter was used to convert the analog 
signals of EMG into digital data.
11) Frequency Generator (Hewlett Packard)
A Frequency Generator was used to do frequency response 
analysis for EMG system.
The layout of the setup is shown in Figure 3.
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Black Board
S -  VHS Cam ara s /
P«ak Perform anca Syitam
BUS A m pllllar an d  A/D Covartar
Figure 3: Experimental layout
3.4 Procedures
There are four stages in this experiment: (1) preparation
stage, (2) set-up stage, (3) experimental stage, and (4) 
analysis stage. The first two stages involve the selection of 
subjects and maintenance of equipment. The following procedure 
is the experimental stage.
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1. Turn on the system (EMG, Peak-2D, and Oxygen consumption 
computer).
2. Set the time clock to synchronize (signal generator, and 
synchronize circuit).
3. Attach the reflector, EMG electrodes, Oxygen consumption 
tester mask, and Heart rate monitor on the subject.
4. Calibrate the EMG and Oxygen Consumption testers.
5. Ask the subject to take a testing lift for about 5 
minutes then takes 5 minutes break time.
6. Start the main experiment (subject start to lift).
7. Using the computer program "AUT0D1" collect data at 
designated times throughout the experiment until 2 hours 
have elapsed.
The measurements recorded involved data for lifting 
acceleration, EMG amplitude, oxygen consumption, and heart 
rate. The lifting motion was calculated from Peak 2D system 
and the EMG amplitude, oxygen consumption data was collected 
through the A/D-converter. All data were collected and stored 
by the computer.
19
3.5 Data collection
The experimental design used for this study was a randomized 
completely block design (RCBD). RCBD can accommodate any 
number of treatments and replications with more effective 
grouping and can provide substantially more precise results 
than a completely randomized design of comparable size. 
Particularly, variability in experimental units can be 
deliberately introduced to widen the range of validity of the 
experimental results without sacrificing the precision of the 
results. In this experiment, "Subject" is a block, and data 
collecting interval is an experimental unit. At each interval 
point, 5 data points were collected for replication. 
Therefore, this experiment is composed of 10 blocks, 5 
experimental units and 5 replications.
3.5.1 Motion data
In this study, the reflector was attached the subjects' seven 
joints (ankle, knee, hip, shoulder, elbow, wrist, and top of 
head) and one was attached to the load box. Each point has 
8 data files and each file is composed of horizontal, 
vertical, and resultant values. (Figure 4: Digitizing Points)
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a) Ankle e) Wrist
b) Knee f) Elbow
c) Hip g) Head
d) Shoulder h) Load
Reference Points
Top of Head
Shoulder
Wrist
ElbowLoad Box
Hip
Knee
A nkle
Figure 4: Digitizing points for Peak-2D system
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Lifting motion data were collected by the Peak 2D system at 
60 Hz. Flood lights facilitated optimum light levels and 
caused the reflective markers on the subject to fluoresce, 
hence increasing their contrast with the background. The 
system was menu driven and designed to be used in the 
following sequence: Set-up, Acquisition, Computation, and 
Display through the Software Procedure (Appendix 2).
The following data files are obtained from Peak 2D systems, 
a) Raw displacement b) Conditioned displacement
c) Segmental centers of mass d) Linear velocity 
e) Linear acceleration f) Angle
g) Angular velocity h) Angular acceleration
The raw data were converted into a smooth curve using data 
filtering methodology (D. A. Winter, 1990). The Peak-2D system 
supplies a fourth order, zero-lag Butterworth digital filter 
with data appended onto each end to minimize endpoint errors. 
The Butterworth digital filter is a fast, general purpose 
procedure to correct for small measurement errors in the 
digitizing process. It sums weighted adjacent raw and
previously smoothed data values to compute new smoothed value
as follows:
22
D( j)=W1D(i-2) + WaD(i-l) + W3R(i) + W4R(i+l) + W5R(i+2) 
where, D; smoothed value,
R; raw value,
W; weighing factor determined by the cutoff 
frequency 
i; current picture number.
This equation is run on the data forward (1 to 
number of picture), then backwards (number of pictures to 1), 
to negate possible phase lag and achieve a fourth order 
filtering. The raw data were collected for five lifting cycle 
at the beginning of the experiment and at the end of each 30 
minute intervals.
3.5.2 Electromyography data
Three pairs of silver-silver chloride surface electrodes were 
used for EMG data collection. Three pairs of surface 
electrodes were placed on the subject's leg, arm, and back. 
One reference electrode was placed on the original medial 
epicondyle of the humerus. The electrodes were placed 
approximately 5 cm laterally from the midline of the back in 
the mid lumbar region (quadratus lumbarum muscles). The 
electrodes on the upper leg were placed over the center of the 
biceps femoris muscle and on the lower arm over the center of 
the brachioradialis muscle (Figure 5).
23
Qround
Lower Arm
B ack
U p p er Leg
PREAMPLIFIER
AMPLIFIER
IBM COMPUTER
A/D CONVERTER
Figure 5: Position of the electrodes on the local muscles
24
The following figure is the EMG data collection flow diagram.
Surface E lectrodei
8-C hannel EMG A m plifier
o o o
IPre-A m pU ller
A/D Converter 
y /  (PCL-711 M ulll-L ab Card)
Com puter (IBM PC)
© 0
-jZLL^
U nlvarilty  M ain 
Com puter
Figure 6: Schematic diagram of EMG data collection 
procedure
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Data was collected at the end of each trial, using the PCL- 
711 Lab card (A/D converting system) and computer. A 
preamplifier was mounted on a belt which was tied around the 
subject's waist. This configuration minimizes the amount of 
motion artifact effect in the recorded signal. To synchronize 
the lifting activity with EMG data, the electrical relay 
switch was used to signal the starting point and stopping 
point of the lift. Figure 7 shows the circuit diagram for the 
synchronized system.
T8 TRC1
NO NO
NC B8 NC BRC1
BLBRTR
ooll TL ooll
TS: Top (lowering system) BS: Bottom (lowering system) 
switch switch
NO: Normally open NC: Normally closed
TR Coil: Top relay coil BR Coil: Bottom relay coil
TRC1: Top relay contact 1 BRC1: Bottom relay contact 1
TL: Top lamp BL: Bottom lamp
Figure 7: Lifting period synchronization circuit
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+ 5V BRC2 TRC2
 /N_____
NO NC
To Channel 4 In PCL711
I 4.7 K
To D igital g round  In PCL711
0 V
NO: Normally open 
NC: Normally closed 
TRC2: Top relay contact 2 
BRC2: Bottom relay contact 2
Figure 8: Electric circuit diagram
+ 5V
0
A B C D
A: Load is lifted
C: Load has reached platform
B: Period of lifting the load
D: Random pulses due to the setting period of the 
platform and the load, after the load is released 
from platform
Figure 9: Circuit response diagram
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This circuit was used to exactly identify the EMG signal 
during the lifting period. With the help of 2 lamps the exact 
instants of the load being lifted and reaching the upper 
platform was recorded on the video tape. This circuit uses 2 
switches, 2 relays having 2 NO/NC contacts, 2 lamps when the 
load is in the bottom position, and a BL lamp which indicates 
that the load is in the bottom position. The normally closed 
BS switch is open, and hence the BR relay is off. The voltage 
recorded by the PCL 711 is zero. When the load is lifted, the 
BL lamp is turned off, the BR relay is ON, and hence the BRC2 
contact is closed resulting in a 5V signal being recorded by 
the PCL 711 channel. Once the load reaches the platform, the 
TR relay is ON and hence the TRC2 contact is OPEN resulting is 
a zero voltage signal being recorded at the PCL 711 channel. 
The TL lamp on indicates that the load is on the upper 
platform. Since the exact instance of lifting the load and 
reaching the upper platform are recorded, the EMG's are also 
recorded simultaneously, which can be identified with the 
lifting motion data.
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1. Data Collection
1 2 3 4 6
I--------- 1--------- 1----------1--------- H
0 30  60 90 120
Time (mln)
C o lle c t d a ta : 6  In te rv a le
2. Sampling Rate
Sampling Rate ' a 2meec/1 eample > 600  d a ta /s e c  
Lifting Time — ► 1-6 aec  »  750 data/llftlng
Figure 10: EMG data collection diagram
The following data was obtained from the EMG system and PC- 
Lab 711 card.
(1) Raw EMG amplitude vs time per cycle.
(2) Fast Fourier Transform data from software.
A generalized representation of the EMG signal must contain a 
formulation which allows a comparison of the signal between 
different muscles and individuals. The formulation for 
comparison may be obtained by normalizing the variables of the 
EMG signal with respect to the force level. The contraction 
force is normalized with respect to the force value of a MVC.
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In this study, all the EMG values were normalized by single 
reference normalization method (Mirka, 1991).
EMG(i,j,k) - MINEMG(0,j,k)
Normalized EMG = ---------------------------------
MAXEMG(0,j,k) - MINEMG(0,j,k)
Where:
EMG(i,j,k) is the actual task integrated EMG signal
taken at trunk angle i, from muscle j, for 
subject k.
MAXEMG(0,j,k) are the maximum integrated EMG values
taken from the static MVC„ at trunk angle 
0, from muscle j for subject k 
MINEMG(0,j,k) are the minimum integrated EMG values
taken from the static MVC„ at trunk angle 
0, from muscle j, for subject k.
The Fast Fourier Transformation (FFT) is used to convert time 
based data (recorded data) to frequency based data.
FFT is a class of highly efficient algorithms in computing and 
analyzing discrete-time signals and systems, especially 
Discrete Fourier Transform (DFT), which deals with the 
transformation of finite-duration sequences in time domain and 
frequency (Fourier) domain. Suppose x(n) is a finite duration 
sequence with length N, then DFT of x(n) is given by the 
following equation.
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which is also a finite duration sequence with length N. 
Consequently the inverse DFT in terms of X(k) is given by,
Thus it forms a pair of Discrete Fourier Transform, which is 
of great important in signal processing.
The analysis of the EMG signal in the frequency domain 
involves measurements and parameters which describe specific 
aspects of the frequency spectrum of the signal.
Fast Fourier Transform techniques are commonly available and 
are convenient for obtaining the power of density spectrum of 
the signal. Three parameters of the power density spectrum may 
be conveniently used to provide useful measures of the 
spectrum. They are: the median frequency, the mean frequency, 
and the bandwidth of the spectrum. The median frequency was 
found to be less sensitive to noise. The median frequency is 
defined by the following equation.
/ fa-dSm(f)d£=r sa(f) df
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where SB(f) is the power density spectrum of the EMG signal. 
De Luca (1981) performed a mathematical analysis to 
investigate the restrictions in estimating various parameters 
of the power density spectrum.
Frequency response analysis is the variation of gain vs. 
frequency of any instrument/circuit. And the frequency 
response data is usually plotted in log-log scale. The 
frequency response analysis is very important to understand 
the behavior of the instrument at various frequencies and 
verify the accuracy of the data measured. The EMG signals are 
normally found in the range of 10-1000 Hz (using surface 
electrodes). Refering to Winter's book pg. 199, the picture 
(Power vs Frequency) with the majority of signals' power 
concentrated between 20 and 200 Hz, were drawn as shown in 
Figure 11.
o 200 4 0 0 8 0 0 8 0 0 1000
Figure 11: EMG spectral density
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The amplitude of normal EMG signals is in the range of a 
microvolt, so any 60 Hz noise appearing in the signal should 
be attenuated as much as possible using electrode shields and 
notch filters. It is therefore necessary to ascertain that the 
instrument for EMG data collection passes these frequencies in 
which the EMG signals are present and reduces the noise 
frequency components in which the noise appears (60 Hz).
Frequency response analysis of the instrument used to 
measure EMG in this study was done using the following setup.
A/D converter □ a
□ □
o o o o
□ □ □ □ □ a n a
EMG 8yetem
□  o  □  □
Pre-amplifier
Frequency generator
Computer
Figure 12: Frequency response analysis setup diagram
An oscilloscope was used with the computer to verify the 
frequency output from the frequency generator. The data 
obtained from each channel is shown in Figure 13.
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Channal 3
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Log Frequency (Hz)
Figure 13: Frequency response analysis curve
From this plot, the instrument's pass band is approximately 
5-3000 Hz. The amplitude of noise measured during data 
acquisition was less than 10% of the EMG amplitude, so the EMG 
measured from the instrument can be considered correct and 
used for further analysis.
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Calibration of the EMG measuring system is necessary to find 
the overall gain of the system and to find the actual values 
for the EMG signals. Whenever EMG signals were measured, all 
required channels were calibrated. A separate calibrator was 
used to give 5 mv 60 Hz input to the system and gain was 
adjusted until the output from all the channels were 5 mv. The 
calibrator's output was verified using a PCL-711 test program 
and a multimeter. After noting the overall gain for each 
channel, the gain adjusting knob's position was fixed for that 
session of the data collection.
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3.5.3 Energy expenditure data
An individual's aerobic capacity is estimated from 
oxygen consumption (V02) (Figure 14) and heart rate using the 
MRM system and heart rate monitor.
P o i  S E N S O R  a 
M OTOR BLOWER
H— —
OXYGEN CONSUMPTION 
COMPUTER
A/D CONVERTER
I
IBM COMPUTER
Figure 14: Oxygen consumption testing
The following data was obtained from the heart rate monitor 
and oxygen consumption computer.
(1) V02 per minute and total working time
(2) HR per minute and total working time
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3.5.4 Strength data
To measure the strength of each subject, a static strength 
test was performed (Figure 15). These data were used to 
normalize for each subjects and also it was included the EMG 
test results.
Figure 15: Strength tester and monitor
Static strength was assessed during a steady exertion 
sustained for four seconds. The transient periods of about one 
second each, before and after the steady exertion, was 
disregarded. The strength data was the mean score recorded 
during the first three seconds of the steady exertion. 
Subjects were informed about the test's purpose and 
procedures. Instructions to the subjects were kept factual and 
did not include emotional appeals. Subjects were instructed to 
"increase effort to maximum exertion" (without jerk) in about 
one second and maintain this effort during a four second 
count.
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3.5 Analysis
All data were collected and recorded in the computer. These 
data were analyzed using the Statistical Analysis System 
(SAS), ANOVA and LSD (Least Significant Difference) multiple 
comparison test. All data were then normalized to body weight 
and strength of lifting performance in order to obtain a 
normalized data. This followed the procedure of Muller and 
Karrasch (1956) and allowed the effect of both body size and 
of individual variation in performance of the task to be 
minimized (Appendix 5 EMG normalized methodology).
The motion data was collected and analyzed using the Peak 2D 
system which digitizes and presents the data graphically. The 
following factors were studied.
1) Change of the load acceleration during 2 hours
2) Relationship of lifting speed and fatigue
3) Relationship of the load and trunk acceleration
4) Change of lifting posture at each frame
The following data were collected from EMG system, Oxygen
Consumption Computer, and Heart Rate Monitor.
1) Change in EMG amplitude
2) Change in oxygen consumptions
3) Change in heart rate
CHAPTER 4 RESULTS AND ANALYSIS
The data analysis is divided into three categories: (1)
motion analysis, (2) back compressive force analysis, (3) 
physiological analysis. All this data was stored on an IBM 
Personal Computer and also on the University System (IBM 3090) 
Section 4.1 is the result of changes in the load acceleration, 
change in peak load acceleration, change in lifting posture, 
and the relationship between each segment's lifting 
acceleration with load acceleration; section 4.2 shows back 
compressive force analysis; section 4.3 shows the relationship 
between subject height and load acceleration; and section 4.4 
is the physiological analysis of EMG output, oxygen 
consumption, and heart rate.
4.1 Motion analysis
This section 4.1 describes changes in lifting load 
acceleration and peak acceleration.
4.1.1 Change in load acceleration
This section describes changes in mean lifting load 
acceleration for resultant, vertical, and horizontal 
directions for all subjects. Figure 16 shows a typical load 
acceleration curve for one lifting cycle.
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Load acceleration (R-Axis)
Acetl. (cm/**o/««o)
3S0
300
360
300
160
100
60
180.4 0.6 13 140 0.3 1
Lilting time (tec )
Figure 16: Typical mean load resultant acceleration
1) Change in mean load acceleration
(1) Change in load resultant acceleration
Figure 16 shows typical resultant load acceleration curve 
during one lifting cycle. Figure 17 and 18 shows the change 
in mean load resultant acceleration during work duration for 
each subject.
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Load Aocel (o m /a eo /o e o )
2 6 0
2 4 0
220
200
180
0 3 0 60 9 0 120
Work duration  (mln)
——  S u b jao t 1 —t— S ublao t 2  8 u b |e o l 3
- B -  S u b jao t 4  — Subj aot  6
Figure 17: Change in mean load resultant acceleration
(Subject 1-5)
Load Aocel (o m /« e o /e e c )
2 6 0
2 4 0
220
200
180
0 60 90 1203 0
Work duration  (mln)
— Subl aot  Q -4 — S u b jao t 7  S u b jao t 8
~b~ S u b jao t 8  - * * -  S u b jao t 10
Figure 18: Change in mean load resultant acceleration
(Subject 6-10)
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Figure 19 shows the change in mean load acceleration during 
the work duration (2 hours) for all subjects. It can be seen 
in the Figure 19 that the mean load resultant acceleration 
increased significantly (Least square difference test, 
P<0.0001) . The mean resultant load acceleration decreased from 
238 to 207 cm/sec2 by the end of first 10 minute. However, the 
mean resultant load acceleration increased from 207 to 243 
cm/sec2, after 10 minute of work. After 10 minutes, 
acceleration was increased time dependently. The following 
equation was derived to estimate acceleration change due to 
lifting.
Y = 201.70 + 0.089 X - 0.0030 X2 + 0.0052 X3
where Y is the lifting acceleration (cm/sec/sec),
X is a work duration time (sec).
This is also used in statistical analysis for multivariate 
analysis table (Appendix 6 Sample SAS output). This supports 
the hypothesis given before that mean load acceleration 
increases with working time. The R2 value for the regression 
line was found to be 0.912 (with linear regression model).
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*60
240
21 0
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Figure 19: Change in mean load resultant acceleration 
for all subjects
(2) Change in vertical and horizontal acceleration.
A typical load acceleration (horizontal and vertical) curve 
is shown in Figure 20 for each lifting cycle. It shows the 
sinusoidal pattern (acceleration & deceleration) as expected. 
The acceleration takes about 35% of the total time of lifting.
A ectU  ( c r a /w c /a a c )
300
100
*100
V tfllo a l A co tL
-300 160 0.4 0.6
U I ling l l m  (a ic )
14
i a
Figure 20: Typical load acceleration curve 
(Horizontal and vertical)
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Figure 21 shows the changes in mean load acceleration during 
the work duration (horizontal and vertical load acceleration) .
The trends observed were as follows: horizontal mean load 
acceleration increases with the work duration also, vertical 
mean load acceleration increase with the work duration.
Aooel (cm /aeo/aec)
100
Vertical Aooel.
8 0
6 0 Horizontal Aooel.
4 0
0 3 0 6 0 8 0 120
Work duration (mln)
Figure 21: Change in mean load acceleration for work 
duration (Horizontal and vertical)
2) Change in peak load vertical acceleration
Figure 22 is a plot of mean load accelerations versus time 
(one cycle). This is a typical vertical load acceleration 
curve in lifting. This curve was used to derive the value of 
peak acceleration. The initial lifting period was found to be
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about 0.3 seconds. The peak acceleration in this period 
implies that the back compressive force is also at its peak 
(See Section 4.2).
Load Aooal. Y-axia (o m /a to /a to )300
Vertical Peak Acceleration
200
100
-1 0 0
-200
-300
0 0.8 1.60.2 0.4 0.6 1 1.2 1.4
Lilting Tima (too)
Figure 22: Typical load acceleration in a lifting period
Load Accel (om /aoc/aec)
300
280
260
240
220
200
0 60 12030 SO
Work duration (mln)
Figure 23: Changes in load peak acceleration mean 
Figure 23 shows change in load peak acceleration mean during
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the work duration for all subjects. The peak load acceleration 
shows the same as the mean load resultant acceleration. It 
decreased in the first 30 minutes of lifting period, then it 
significantly increased during the rest of the experiment 
(P<0.001).
3) Change in lifting time
The following figure shown the average lifting time from the 
floor to the platform in each cycle for all subjects.
UtllJifl Tlai Im i )
i.«
1.4
1,2
106 12016 30 46 60 76 000
Figure 24: Change in lifting time
The lifting time was slightly increased in the first 30 
minute period to 1.37 seconds, but gradually decreased after 
30 minute and lifting time at the end was 1.18 seconds.
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4) Change In peak lifting time
Figure 25 shows the time from the starting point to till peak 
acceleration point (Figure 22) was reached. The time increased 
in the first 30 minutes then/ it decreased.
Lifting time (see)
0.6
0 .4 -
0 .3  -
0.2 -
0.1 -
0 3 0 6 0 1208 0
Work duration (mln)
Figure 25: Change in peak lifting
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5) Change in lifting velocity
Figure 26 shows change in lifting velocity during work 
duration time for all subjects. It is observed that velocity 
decreases in the first 30 minute and then increases steadily 
reaching the original velocity.
V afoclty  (c m /a e o )
100
8 0
BO
7 0
6 0
5 0
1200 3 0 6 0 90
time (min)
Figure 26: Change in lifting velocity
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6) Change in peak acceleration with body segments
Figure 27 shows peak acceleration for each body segment 
(namely, elbow, hip, and center of mass). This result elicits 
some very interesting findings. This figure shows that the 
trends shown by elbow acceleration are dramatically opposite 
to the trends exhibited by the hip and center of mass. If 
examined in detail, it will be noticed that in the work 
duration of 0-30 minutes the elbow acceleration shows a 
decreasing pattern whereas the hip and center of mass 
accelerations show an increasing pattern. This can be 
explained in the following way. In the first 30 minute of 
lifting, the subject addresses the load in a stoop position 
where the elbows are maximally stressed. Slowly, as time 
progresses, the femoris muscles fatigue, and the body 
transfers the load to the hip. This triggers a transition of 
the subject's body to a squat position. The same mechanism, 
transfers the load to the elbows when the hips tire out and 
the same cycle is repeated.
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Acceleration (om/aeo/aec)
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Elbow
200 - -■
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Hip
100 —
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Work duration (mln)
Figure 27: Change in acceleration hip, center of mass, and 
elbow
4.1.2 Change in lifting posture
Three different analyses were performed to find the change in 
lifting posture as a function of work duration: 1) Change in 
knee angle at the initial lifting point, 2) Change in hip to 
load distance at the initial point of lift, and 3) Change in 
the load lateral movement. 4) Change in angular acceleration 
for body segments.
50
1) Change in knee angle at the Initial lifting point
To investigate the change in lifting posture with the passage 
of time, knee angle were measured at the initial lifting point 
for work duration. Figure 28 and 29 shows the knee angle at 
each 30 minute intervals point for all subjects. 8 subjects 
was changed lifting posture stoop to squat and then stoop 
lifting pattern significantly (PcO.OOl). Figure 30 shows 
starting from an angle of 178 degree in the beginning (stoop 
posture), there is a smooth transition to a minimum angle of 
40 degree (squat posture). With the element of fatigue coming 
into the posture during the later part of work duration, the 
knee angle goes back to about 170 degree (stoop posture).
200
160
100
50
12060
Work duration (mln)
9030
S u b lao t 1 
Sub lao t 4
Figure 28: Change in knee angle at the initial lifting 
point (Subject 1 to Subject 5)
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Figure 29: Change in knee angle at the initial lifting 
point (Subject 6 to Subject 10)
200
1S0
100
eo
oo 120o 30 eo
Work duration  (mln)
Figure 30: Change in knee angle at the initial lifting 
point
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2) Change in hip to load distance at the initial point
To investigate the change of lifting posture, the distance 
hip-to-load was measured at the initial lifting point. Figure 
30 shows typical load displacement and hip displacement curve. 
The distance indicated lifting posture for stoop (distance is 
big) or squat (distance is small). Figure 31 shows the change 
in mean distance hip-to-load at the initial point for all 
subject.
Dlplacement (cm)
200
160
160
140
Dlatanoa ol hip to load 
a t th a  Initial point
120
100
1.2 140 0.4 0.6 0.8 1
Lifting tlmo (aao)
Figure 31: Distance of hip to load at the initial 
lifting point
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Figure 32: Change in mean distance hip-to-load for 
all subjects
Figure 31 and 32 are a kinematic analyses of the lifting 
posture. As shown by the curves obtained, two positions can 
be defined: squat and stoop. In 'squat ' posture the subject 
bends his knee in order to lift the weights. In 'stoop' 
posture the subject keeps his knee straight and tend to bend 
down to lift the weight. Figure 31 is a plot of the 'distance 
from load to hip' and the initial lifting position. It is 
clear from the nature of the curve that in the time interval 
start to 30 minutes the distance reduces. This is an 
indication of increasing fatigue; the subject has a tendency 
to sit (i.e. posture changing from stoop to squat). In the 
interval 30 to 60 minutes, the subject is well settled in the 
'squat' posture. After he has recovered, the subject goes to 
the stoop postures (exhibited by interval 60-120 minutes).
3) Change in the body lateral movement
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To investigate the lateral movement of the body (hip joint) 
during work duration, hip joint movements were plotted for all 
subjects. Figure 33 shows typical hip horizontal movements for 
one lifting cycle.
Dlaplacament (cm)
Outward movement 120 mln.
Starting
- 1 0 *
Inward movement
-16
1 12 140.4 0.6 0.6-0.2 0
Lilting time (aeo)
Figure 33: Typical change in hip joint lateral movement
Dlatanoe (cm)12
S c m
1500 30 60 80 120
W ork duration (mln)
Figure 34: Change in hip joint shift with work duration
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Figure 34 is maximum horizontal shift of subjects' hip when 
lifting over the work duration. It clearly indicates that as 
time processes, the subject has a tendency to get more shift 
horizontally.
4) Change in joint angular acceleration
The following, Figure 35, shows the variation in angular 
acceleration of elbow, hip and knee joint over work duration.
Angular aocel. (deg /sec/aec)
300 Elbow
260
200
160
100
Hip
60
1209030 600
Work duration (mln)
Figure 35: Change in joint angular acceleration
The observations can be divided into three time periods A, 
B, and C.
Period A: Angular acceleration changes from 0 to 30 minute 
work duration.
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(1) Elbow joint angular acceleration decreases from 252.5 
to 228.6 deg/sec/sec (10.5 %).
(2) Hip and knee joint angular acceleration increases from
50.5 to 58.8 deg/sec/sec (16.3 %) and 41.5 to 51.3
deg/sec/sec (23.5 %) respectively. This action could 
be defined as the change in lifting posture from a 
stooping to squatting posture.
Period B: Angular acceleration change from 30 to 90 minute 
work duration.
(1) Elbow joint angular acceleration increases slightly 
from 228.6 to 237.5 deg/sec/sec (0.4 %).
(2) Hip and knee joint angular acceleration decreases
slightly as the subject is trying he maintain his
squatting posture.
Period C: Angular acceleration change from 90 to 120 minute 
work duration.
(1) Elbow joint angular acceleration increases from 237.5 
to 280.6 deg/sec/sec (18 %).
(2) Hip and knee joint angular acceleration decreases from
57.6 to 51.3 deg/sec/sec (12 %) and 50.2 to 41.4 
deg/sec/sec(21 %) respectively. The lifting posture 
change back to a stooping posture.
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During the work duration period, it has been observed that 
change in joint angular acceleration graph between hip and 
knee joint is nearly parallel all the time.
5) Change in jerk during work duration
Jerk is a common term in engineering and is defined as the 
rate of change of acceleration. In this work, an average value 
will be defined for the initial lifting period. Figure 36 is 
a plot of load acceleration versus the peak lifting time in a 
cycle. The jerk, 'k' (k=da/dt=b/a) is an index of jerk during 
the lifting interval, defined as the ratio of quantities 'b' 
and 'a'. 'b' is the magnitude of the vertical peak load
acceleration. 'a' is the amount of lifting time required to 
reach this peak acceleration.
Vertical load aooel. (om/ato/eec)
300
Vertical Peak Acceleration
200
100
— - ■ k (Average Jerk durlna Initial lift)
0
Initial lift 
period
-100
-200
-3 0 0
0 0.2 0.4 0.6 0.6 1 12 14 1.6
Lifting Time (aeo)
Figure 36: Peak load acceleration vs peak lifting time
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Three cases are possible depending upon the different values 
of 'b' and 'a.'. The lifting data was analyzed once again. A 
result of this analysis shows the magnitude of quantities 'a' 
and 'b 7 for the entire work duration of 2 hours (readings 
taken at an interval of 30 minutes). Since the objective of 
the analysis was to determine trends, the values of 'a' and 
'b' were normalized by taking their percentages. A plot of 
these percentages is shown in Figure 37. It is clear from this 
plot that towards the end of work duration the subject exerts 
higher rate of change of acceleration (jerk). This can be 
attributed to the fact that at this point in time the subject 
is fatigued physically as well as psychologically. This 
situation can be modified so that it becomes conducive to such 
a lifting process, the whole idea being to restrict a 
subject's jerk to approximately 1 cm/sec3 over the time period 
30 to 90 minutes. The initial 'k' value of greater than 1 can 
be attributed to subject acclimatization with the apparatus.
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Figure 37: Change in jerk during the experiment
Table 2. Lifting time vs peak acceleration
Time
(min)
Lifting time to 
peak acceleration
Peak acceleration
Raw data 
(sec)
% value 
{% / 100)
Raw data 
(cm/sec/sec)
Jerk
(k=dt/da)
0 0.262 0.176 271.346 0.204
30 0.342 0.23 251.58 0.19
60 0.325 0.219 259.44 0.196
90 0.314 0.211 267.76 0.202
120 0.242 0.162 276.82 0.209
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4.2 Back compressive force analysis
To examine the back stress during the work duration, the 
lifting motion data was collected for all subjects. The load 
lift angle and body-joint angles were experimentally measured 
from the Peak-2D Performance Analysis System.
When a subject lifts a load from floor to the platform, then 
the lifting angle (lifting angle is the angle which lift path 
makes with the horizontal) at which he lifts is not 90 degrees 
at all the points and at some points the load follows a 
curvilinear path. The angle subtended by the tangent at all 
points on this curvilinear path changes with time and can be 
measured after a certain gap of time. This angle can be used 
for the calculation of the back compressive force at each 
point of time. Also, When the subject lifts a load, then the 
hip-knee-ankle angle changes, and this angle is defined as the 
knee joint angle. Similarly, hip, shoulder, upper arm, and 
lower arm joint angle can be defined in the same way as the 
knee joint angle. The lifting angle and the body joint angles 
were input to a biomechanical model to study the effect of the 
lift angle on physical stress on the musculoskeletal system 
and, in particular, on the lower back. The two-dimensional 
biomechanical static strength prediction model (Garg and 
Chaffin, 1975), was used to compute the compressive force at 
the L5/S1 discs using the UM-2D model. The model is based on 
the free-body-diagram technique. This study should provide a
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better understanding of the stresses on the lower back 
resulting from manual lifting. The details of the 
biomechanical model are described in the papers (Chaffin et 
al., 1977, and Garg & Chaffin, 1975).
The basic equation for the back compressive force is as 
follows:
iV=sina *mgbw+ sina *mgload*Fa
where a is the hip angle
Fb is the effective force due to abdominal pressure 
acting at the center of the diaphragm 
(Fa=Fa*465cm2) ;
Fm is the effective erector spinae muscle forces 
mg^ is the weight of the body segments above the 
L5/S1 level, and 
mgioad is the weight of the load in the hands.
To compute the back compressive force at the L5/S1, the 
following data was used.
(1) Load weight
Weight will change with acceleration effect.
Using the Newton's first law.
F = m(g+a)
(2) Subject height and weight
(3) Joint angle per frame (about 75 frames) ankle, 
knee, hip, shoulder, and elbow angle.
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4.2.1 Relationship between back compressive force and load 
acceleration
Using the above data, the back compressive force was 
calculated. Figure 38 shows changes in back compressive force 
in one lifting cycle. To compare the load acceleration and 
back compressive force together, both curves were plotted in 
the same figure.
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Figure 38: Back compressive force and load acceleration
The compressive force on the L5/S1 shows peak forces at the 
earlier part (0.2 sec or about 20 % of work duration) of 
lifting cycle and has a second peak which is lower near the 
end of the lifting cycle. These compressive force changes 
indicate that the back is more stressed in the beginning of a 
lift. This means that higher the lifting accelerations, 
greater are the peak compressive forces on the back.
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4.2.2 Change in back compressive force.
The mean back average back compressive forces for all 
subjects during the work duration is shown in Figure 39.
LB/81 Pore* (Nmrlon*) (Thautand*)
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J  ■ Standard deviation
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Figure 39: Change in back compressive force for all subjects
It can be seen in the figure that the back compressive force 
significantly increased (P<0.001) by about 12 %. The mean back 
compressive force decreased from 2370 to 2180 newtons in the 
first 30 minutes of lifting, but increased to 2470 newtons by 
the end of lifting period.
4.3 Relationship between subject height and peak load 
acceleration
To investigate the relationship between the subject height 
and peak load acceleration, subject height was plotted against 
the peak load acceleration in Figure 40.
64
Paak Acoaliratlon (om /aao/aao)
300
260
200
160
160 162 164 166 166 170 172 174 176 176 160
8ub |ao t Haight (cm)
Figure 40: Relationship subject height and peak 
acceleration
In general, the subject arm length is a function of subject 
height. It is shown on the plot that subjects with low height 
exhibit smaller acceleration and taller subjects exhibit 
larger accelerations. Secondly, from the graph it is visible 
that there are 3 distinct variations (namely A, B, and C) . 
Variance A is for shorter subjects and is smaller than 
variance C which is for the taller subjects. Another 
observation which can be made here is that for a work duration 
of 2 hours the peak load acceleration increases. This means 
that the taller subjects' lifting technique is not uniform and 
therefore, unstable but the shorter subjects' lifting 
technique is uniform and therefore, relatively more stable. 
And this result means taller subject is not as efficient as 
the shorter subject in fixed height (76 cm) work station.
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4.4 Physiological analysis
4.4.1 Electromyography Analysis
The surface electromyography is an attractive tool since it 
allows noninvasive measurement of the tension developed in a 
muscle and the degree of muscle fatigue. (Appendix 10 EMG 
sample output)
1) Change in percent MVC EMG amplitude in local muscles
EMG Amp. (mv)
0.8
Arm
0.6
Leg
0.4
Back
0.2
60 1200 30 90
Work duration (mln)
Figure 41: Change of percent MVC EMG in local 
muscles
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The results of electromyogram (EMG) measurement showed that 
EMG level was generally increased in Figure 41. The EMG level 
for back was between 0.4 microvolt and 0.6 microvolt during 
two hours of lifting. The EMG level for arm was between 0.6 
microvolt and 0.8 microvolt. The EMG levels for leg remained 
between 0.5 microvolt and 0.7 microvolt.
2) FFT analysis of local muscle EMGs
FFT Analysis for Back, Arm, Lag
FFT M adlui valua <V»2/Hz)
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Figure 42: EMG FFT analysis leg, arm, back
Fast Fourier Transformation was used to convert the EMG 
signals from a time base to a frequency base. The data 
analysis showed that the FFT median value was shifted from 
high frequency to low frequency using the median analysis in 
Figure 42.
These results revealed the fatigue effect because of lifting 
work. During the initial period of work durations (0-30
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minutes) , it can be seen that the arm experienced relatively 
higher fatigue than other muscles. This is also in accordance 
with the lifting posture of the subject (which is 'stoop 
lifting' in the beginning). In the period of 30-60 minutes, 
legs showed an increasing fatigue. This, again, conforms to 
the lifting posture (which is 'squat lifting'). The back also 
shows a continuously decreasing trend.
4.4.2 Change in heart rate
As an additional check for the development of fatigue of the 
subjects, the heart rate was also measured during the work 
duration. Figure 43 shows heart rates of all subjects during 
the work period.
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Figure 43: Change in heart rate
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The data analysis revealed a two-phase relationship between 
heart rate and the work duration. Figure 43, as expected, 
shows that heart rate increased significantly (P<0.01) in the 
transient state (89 beats per minute to 120 beats per minute 
in 30 minutes). The rate of increase then slowed down, and, 
after 30 minutes, the average heart rate reached 120 bpm. 
After the first 60 minutes, the heart rate increased 
relatively slowly. Then, it leveled off, and at the end of two 
hours, the average heart rate was 118 bpm.
4.4.3 Change in oxygen consumption
The oxygen consumption rate had a similar effect on work 
duration as the effect of heart rate on work duration. Figure 
44 shows that the oxygen consumption increased to peak (16.4 
ml/min/kg) in the first 30 minutes. Then, it dropped to 14.5 
ml/min/kg and remained constant through the remaining part of 
the experiment. Oxygen consumption rate was stabilized at the 
level of 14.75 ml/min/kg afterwards till the end of the two- 
hour experiment period.
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Figure 44: Change of oxygen consumption)
4.4.4 Relationship between the heart rate and oxygen 
consumption
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Figure 45: Relationship of the heart rate with 
oxygen consumption
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As seen in Figure 45, the slope of heart rate is smaller 
than that of oxygen consumption for the first 30 minutes of 
the work durations. After that, both rates show a slight 
decline and finally settle to approximately the same levels.
4.4.5 Change in energy expenditure
Energy expenditure was also calculated as another check for 
the existence of fatigue. A respiratory gas analysis of the 
expired air was performed by the Weir equation, using data 
collected with the MRM-1 metabolic monitor. The Figure 46 
shows the energy expenditure during entire work duration. It 
is shown that the energy expenditure was increased gradually 
during work duration. As shown in the figure, in the first 30 
minutes of experiment, the slope of energy expenditure was 
more steeper than that in the 30 minute to 90 minute. Also 
after 90 minute of experiment, the slope became more steeper 
than that of the 30 to 90 minute intervals. This result can be 
explained by the change of the lifting posture during these 
period. That is, squat lifting requires more metabolic energy 
expenditure than the stoop lifting (Morrissey 1984).
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Figure 46: Change in energy expenditure for work duration
CHAPTER 5 CONCLUSION AND DISCUSSION
In the beginning of this study, a negative correlation was 
expected between work duration and acceleration. This study 
disproved the hypothesis that significant increase the load 
acceleration after 10 minutes during 2 hour lifting work 
duration. Some other findings are as follows.
1. An increased acceleration leads to an increased back 
compressive force and eventually an increased local muscle 
fatigue. Lifting work requirements are usually fixed, 
but a change of lifting acceleration can increase this 
lifting work, leading to back injuries.
It is suggested that the increase in acceleration was due 
to the following reasons.
Subjects may have a tendency to overestimate the force 
required to perform the lifting task when they get tired. 
Therefore, subjects may have exerted excessive force to 
support the load and complete the lifting task resulting in 
jerky movements and increased acceleration in the first 0.4 
second. After that, there was a significant decrease in 
deceleration to compensate the acceleration. It is 
speculated that this compensation mechanism caused the 
overall acceleration to remain almost constant throughout
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the experiment.
It was found that the peak load accelerations occurred 
at the initial peak (0-0.3 sec) in each lifting cycle. 
Analysis of the back compressive force indicated a peak 
compressive force at the beginning of lifting and another 
towards the end.
This result revealed that initial lifting point is very 
significant for the back compressive forces. The compressive 
forces on the back (L5/S1) shown peak forces at the 
beginning of each lift and have a second, lower, peak near 
the end of the lift. These predicted compressive force 
changes indicate that the back is most vulnerable at the 
beginning of a lift. Also, relate to the lifting speed, 
faster lifting times can be expected to result in higher 
peak compressive force; slower lifts should reduce the peak 
values. (Figure 44)
2. Subjects' height was found to be a major determining 
factor in estimating the magnitude of acceleration.
Taller subjects had larger accelerations, and smaller 
subjects had smaller accelerations. This results relate to 
the anthropometric variables i.e. arm length and leg length 
etc.
The anthropometric variables describe the physique of 
workers and therefore, provide some indication of their work 
capacity. Switzer (1962) found that the lifting strength
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decreases steadily with increase in stature. Supporting 
this, many studies have reported that taller people are more 
prone to back pain (Tauber, 1970; Gyntelberg, 1974; Merriam 
et al., 1983). Several specific measures, such as shoulder 
height, chest width and depth, knee and knuckle heights and 
abdominal depth, have been found useful in predicting the 
maximum acceptable weight of lift (Snook and Irvine, 1967; 
Ayoub et al., 1978; Mital et al., 1978, 1984).
3. The lifting posture was changed from stoop (at the 
beginning of the lifting work durations) to squat for the 
80% subject was significantly and then back to stoop as the 
fatigue level went higher (Section 4.2.1).
When considering compression on the lumbar spine during 
the performance of a lifting task, the recommended posture 
for lifting has traditionally been the squat. The stoop 
approach has been shunned as it is believed to present 
greater risk of injury during lifting. In general, this 
traditional view of lifting posture is appropriate. In this 
study, most of subjects (80 %) lifting posture changed from 
stoop to squat and then to stoop lifting. These results 
indicate that starting the work and end of period posture is 
very dangerous.
In general, with regard to methods of lifting loads from
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the floor the evidence argues for the following technique: 
(1) keep feet far enough apart for balanced distribution of 
weight (2) keep knees and hips bent, back reasonably 
straight (3) keep arms as near to the body as possible, with 
load as close to the body as possible. And (4) lift smoothly 
with no jerks. The actual lifting is performed largely by an 
extension of the legs.
4. Local muscle fatigue analysis showed that the arm was 
most stressed in the beginning of the work duration (stoop 
lifting posture). Legs experienced the maximum stress in 
the squat lifting posture. The back showed a continuously 
increasing fatigue. It was also found that as the local 
muscle ligaments of the body experienced a fatigue, the 
load was transferred to those segments which were not 
fatigued. This exhibited existence of some kind of feed back 
mechanism in the human body.
5. Oxygen consumption rate was found to be highest in the 
beginning of the work durations (after 30 minutes). It 
showed a stable trend later.
6. Heart rate also showed a trend similar to oxygen 
consumption rate with the difference of a smaller slope. 
The average starting heart rate of the subjects was 89 bpm. 
This was higher than the average starting heart rate in
(Mital's 1985) study which was 85 bpm. As the overall 
muscular fatigue built up, the starting heart rate increased 
by almost 40 % at the end of the two hour working period.
7. Another conclusion which can be drawn from this research 
is that there is a need for a small rest period after 30 
minutes and 90 minutes of stoop lifting posture because 
stoop lifting is hazardous for the back.
CHAPTER 6 FUTURE RESEARCH AND RECOMMENDATION
This research was conducted under several experimental 
restrictions. The results obtained from this research can be a 
stepping stone to development of a general model in the future. 
Some areas in which this study can be extended are as follows.
1. A more detailed back compressive force analysis need with 
using a Force Plat Form can be done to ensure accurate 
collection and analysis of force data.
2. This study was limited to just a single weight of 15.9 
kgs. This can be extended to a wider range of weights, 
for example 5, 10, 15, and 20 kgs.
3. Another area is the frequency of lifts. This research 
study was restricted to a lifting frequency of 4 lifts per 
minute. This can be extended to 2, 4, 6, and 8 lifts per 
minute. This will result in a more comprehensive coverage of 
the lifting force analysis.
4. Different combinations of lifting frequencies and 
weights can be tested using the same methodology.
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Appendix 1. Data collect tables 
Table 1: Subject anthropometric data and strength data
Variables Mean Standard
deviation
Age (Years) 26.1 3.047
Weight (Kg) 66.7 4.301
Height (cm) 170.9 3.734
Standing Iliac 
Crest Height (cm) 86.76 1.854
Knuckle Height (cm) 78.46 1.564
Knee Height (cm) 59.45 1.341
Static Arm 
Strength (Kg) 25.6 7.25 (20-34)
Stooped back 
Strength (Kg) 67.5 8.53 (58-87)
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Table 2: Oxygen consumption and Heart rate data form
Heart Rate Data form
Time
(min)
Heart Rate
1 'i n a c
0
30
60
90
120
Oxygen Consumption data form
Time
(min)
Oxygen consumption
1 A E .. .
0
J.--- z J ft
30
60
90
120
Appendix 2. Peak 2D system software set-up procedures
Spatial Model 
Set up
SET-UP
2D Project 
Set up
Manual / Automatic Video 
Data Acquisition
ACQUISITION
2D Coordinate 
Calculations
I
Data filtering
I
COMPUTATION
2D Reference Frame 
Transform, Angle, 
Velocity, 
Acceleration 
Calculation
GRAPHICS and 
DIGITAL DATA
DISPLAY
Figure 47: Peak Performance Software Flow Diagram
(1) Se : up Procedure
Before the videotaped sequence is ready to be digitized, a 
spatial model and a project set up must be completed. The 
spat il model contains information on how many points are to be 
digitized and which points these are. The project set up
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contains information specific to that videotaping session, such 
as sampling rate, camera type event descriptors and calibration 
factors. Joint angles can be defined i.e. the angle between two 
points and a vertex.
(ii) Acquisition
With the set up procedures ready, digitizing can commence. 
Either of three methods can be used, depending on the 
situation. If the videotaping was done without the use of 
contrasting markers, such as in a competitive situation or a 
work environment, then the manual or semi-automatic mode of 
digitizing would be used. Manual and semi-automatic modes of 
digitizing have the advantage of flexibility; that is , the 
environment does not have to be as controlled. Automatic 
digitizing has the advantage of speed; it is much faster than 
manual or semi-automatic digitizing.
In the manual and semi-automatic modes of digitizing, the 
operator selects the first frame to analyze. The VCR controller 
board plays the tape, reads the audio time code, and signals to 
the image capture board when to capture the required frame. 
Once the video frame is captured, it is split into its two 
video fields, and each video field is enhanced and displayed to 
the operator. The operator then moves a colored cursor, on a 
grid of 1000 by 1000 digitizing locations, and selects the body 
landmarks to be digitized. In manual digitizing the cursor is 
positioned solely by the user. When the current frame is 
complete, the computer plays the tape and captures the next
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sequential frame automatically. The user does not have to 
manually advance the VCR. Each sequential frame can be found by 
the computer because there is a time code on the audio track of 
the videotape. A digitizing sequence can even be left 
incomplete and be completed the next day, since the computer 
has a record of all the frame numbers digitized. Peak 2D system 
has the following procedures.
A) Video Tape Encoding
B) Spatial Model Set Up
C) Project Set Up
D) Manual Data Capture
E) Automatic Data Capture
(iii) Calculation - Display
Data from any of the previous steps can be displayed on the 
graphics module. It permits the user to generate and view three 
different types of full color graphics displays: spatial
model, parameter and combination displays. Spatial model 
graphics draw the displacement data in stick figure form, with 
individual segments colored or deleted as specified. Figures 
are displayed singularly or in multiples through the movement 
sequence, and up to four separate subjects or trials can be 
viewed simultaneously. The display can be animated or manually 
controlled in forward or reverse direction. A parameter 
graphics display will plot, on Cartesian axes, any computed 
parameter (e.g., displacement, velocity, acceleration, angles, 
etc.) against time or against any other computed parameter.
Appendix 3. Peak 2D hardware configuration
A two dimension analysis system consists of only one camera. 
This camera is placed perpendicular to the field of motion, and 
all motion is assumed to be in that plane. A block diagram of 
a two dimensional analysis system using one camera.
VCR Control & 
Frame Grabber
VCR
Gen-Lock
Unit
SMPTE
Time
Code
Camera
Video &
Digitizing
Monitor
Computer
Figure 48: Peak Performance Hardware Block Diagram
High resolution S-VHS cameras are typically used in this 
configuration. This camera is gen-locked (phase-locked) by a 
master gen-lock unit, and an electronic shutter is used to 
minimize motion blur. A SMPTE time code generator is used to 
encode identical time codes on the audio tracks of the VCR. 
Flood lights facilitate optimum light levels and cause the re­
flective markers on the subject to fluoresce, hence increasing 
their contrast with the background.
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(i) Videotaping Procedure
(a) The camera should be perpendicular to the plane of 
motion.
(b) The camera should be level in both the fore-aft and 
lateral directions. A circular bubble level can be used
for this purpose, or one can set a standard bubble level over 
the front of the lens and adjust the camera until it is 
vertical. Lateral tilt can be accounted for by digitizing 
reference points.
(c) The camera should be as far away from the subject as 
possible
(d) The image size of the subject should be as large as 
possible in proportion to the field of view. This 
should be done by using the zoom lens, and not by 
bringing the camera closer to the subject.
(e) At the beginning of a tape there should be at least 
one minute of video before any actual trials begin. If 
the camera is paused between trials, it should be re­
started at least ten seconds before the next trial.
This allows the audio time code ample time to 
synchronize with the video. If this is not done, the 
system may get stuck in an endless loop while trying 
to locate the beginning of the tape.
(f) A scaling rod should be videotaped before and after the 
video session. The scaling rod should be of known 
length and have ends contrasting in color. The scaling
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rod should fill a large portion of the field of view.
The rod is used during the digitizing process to 
establish a scale factor for the computer. Once the 
scaling rod has been videotaped, do not move the camera 
or the focal length. If the camera is moved or the 
focal length changed, retape the scaling rod to 
reestablish the scale factor.
(g) It is best not to move the camera during the filming 
procedure. If the camera is moved, a stationary 
reference point must be digitized in addition to 
points of interest. Camera panning is one way to 
nearly double the horizontal width of the field without 
decreasing the vertical distance.
(h) Lighting of the subject is important. Make sure the 
subject is well illuminated and there is good 
contrast between the subject and the background. The 
digitizing process is easier if the background is 
uncluttered and the subject is wearing lightly 
colored clothes. Make the subject as visible as view 
finder.
(i) Use a log book or a large sign that is videotaped 
before the trial. Make sure this sign can be read 
through the camera's view finder.
(j) Do not use duplicated tapes; use original tapes only 
for digitizing data. Duplicate tapes may not digitize 
correctly. This is due to poor sync pulses caused by
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degradation during duplication.
(h) Use SMPTE time code generators to avoid having to post 
encode the videotape. SMPTE (Society of Motion Picture 
and Television Engineers) has a different form of time 
code that can be generated on audio channels 1 or 2.
With the use of a SMPTE time code generator and a 
special computer chip, the videotape encoding process 
described above can be eliminated. When using a 
SMPTE time code generator, the SMPTE time code is 
recorded on audio channel 2 during the video taping 
process.
Appendix 4. Peak 2D data filtering methodology
The Peak system supplies a fourth order, zero-lag Butterworth 
digital filter with data appended onto each end to minimize 
endpoint errors. The Butterworth digital filter is a fast, 
general purpose procedure to correct for small measurement 
errors in the digitizing process. It sums weighted adjacent 
raw and previously smoothed data values to compute new 
smoothed value:
D( j)=W1D(i-2) + W2D(i—1) + W3R (i ) + W4R(i+l) + WsR{i+2)
where D is a smoothed value, R is a raw value, W is a weighing 
factor determined by the cutoff frequency, and i is the 
current picture number. This equation is run on the data 
forward (1 to number of picture), then backwards (number of 
pictures to 1), then backwards (number of pictures to 1) to 
negate possible phase lag and achieve a forth order filtering.
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Appendix 5. EMG Normalization Methodology
This normalization technique is defined in the following 
equation.
EMG(i,j,k) - MINEMG(0,j,k) 
Normalized EMG = ---------------------------------
MAXEMG(0 r j , k) - MINEMG(0,j,k)
Where:
EMG(i,j,k) is the actual task integrated EMG signal
taken at trunk angle if from muscle j, for 
subject k.
MAXEMG(0,j,k) are the maximum integrated EMG values
taken from the static MVC„ at trunk angle 
0, from muscle j for subject k 
MINEMG{0,j,k) are the minimum integrated EMG values
taken from the static MVC„ at trunk angle 
0, from muscle j, for subject k.
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Appendix-6. Statistical analysis results
1. FFT Back SAS Program
OPTIONS PS=66 LS=66;
DATA ONE;
DO SUBJ= 1 TO 10;
DO TRT=1 TO 5;
INPUT Y @@; OUTPUT; 
END;
END;
CARDS;
8.867 7.268 6.989 6.871 6.012 7.987 7.012 6.865 6.564 6.082
8.393 7.634 7.456 7.114 6.894 8.354 7.897 7.561 7.358 6.674
7.983 7.130 6.863 6.564 6.012 9.356 8.451 7.934 7.623 7.216
10.013 9.12 8.923 8.673 8.469 9.563 8.645 8.459 8.216 7.823
9.423 8.534 8.238 8.012 7.934 8.561 7.789 7.637 7.427 6.981
PROC PRINT;
PROC GLM; CLASS TRT SUBJ;
MODEL Y=SUBJ TRT;
MEANS TRT/LSD;
CONTRAST 'LINEAR' TRT - 2 - 1 0  12; 
CONTRAST 'QUADR' TRT 2 -1 -2 -1 2; 
CONTRAST 'CUBIC' TRT -12 0 - 2 1 ;  
CONTRAST 'QUARTIC' TRT 1-4 6-4 1; 
PROC SORT; BY SUBJ TRT;
DATA A (KEEP=SUBJ Yl)
DATA B (KEEP=SUBJ Y2)
DATA C (KEEP=SUBJ Y3)
DATA D (KEEP=SUBJ Y4)
DATA E (KEEP=SUBJ Y5) ;
SET ONE;
IF TRT=1 THEN DO; Yl=Y; OUTPUT A; END;
ELSE IF TRT=2 THEN DO; Y2=Y; OUTPUT B; END
ELSE IF TRT=3 THEN DO; Y3=Y; OUTPUT C; END
ELSE IF TRT=4 THEN DO; Y4=Y; OUTPUT D; END
ELSE IF TRT=5 THEN DO; Y5=Y; OUTPUT E; END
DATA FINAL; MERGE A B C D E; BY SUBJ;
PROC PRINT DATA=FINAL;
PROC GLM;
MODEL Yl-Y5=/NOUNI;
REPEATED TRT 5 (0 30 60 90 120) POLYNOMIAL/SUMMARY PRINTE;
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2. FFT Back SAS Run Output
General Linear Models Procedure 
Class Level Information
Class Levels Values
TRT 5 1 2  3 4 5
SUBJ 10 1 2 3 4  5. 6 7 8 9  10
Number of observations in data set = 50
General Linear Models Procedure 
Dependent Variable: Y
Source DF
Model 13
Error 36
Corrected Total 49 
R-Square 
0.974219
Sum of Squares 
42.35112396 
1.12073052 
43.47185448
C.V. 
2.265409
F Value 
104.65
Pr > F 
0.0001
Y Mean 
7.78848000
Source
SUBJ
TRT
Source
SUBJ
TRT
DF
9
4
DF
9
4
Type I SS F Value
23.47220768
18.87891628
83.77
151.61
23.47220768
18.87891628
83.77
151.61
Pr > F
0.0001 
0.0001
Type III SS F Value Pr > F
0.0001
0.0001
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General Linear Models Procedure
T tests (LSD) for variable: Y
NOTE: This test controls the type I comparisonwise error 
rate not the experimentwise error rate.
Alpha= 0.05 df= 36 MSE= 0.031131 
Critical Value of T= 2.03 
Least Significant Difference= 0.16 
Means with the same letter are not significantly 
different.
ig Mean N TRT
A 8.8500 10 1
B 7.9480 10 2
c 7.6925 10 3
D 7.4422 10 4
E 7.0097 10 5
General Linear Models Procedure 
Dependent Variable: Y
Contrast DF Contrast SS F Value Pr > F
LINEAR 1 17.52594496 562.97 0.0001
QUADR 1 0.63679546 20.46 0.0001
CUBIC 1 0.68674369 22.06 0.0001
QUARTIC 1 0.02943217 0.95 0.3374
OBS SUBJ Y1 Y2 Y3 Y4 Y5
1 1 8.867 7.268 6.989 6.871 6.012
2 2 7.987 7.012 6.865 6.564 6.082
3 3 8.393 7.634 7.456 7.114 6.894
4 4 8.354 7.897 7.561 7.358 6.674
5 5 7.983 7.130 6.863 6.564 6.012
6 6 9.356 8.451 7.934 7.623 7.216
7 7 10.013 9.120 8.923 8.673 8.469
8 8 9.563 8.645 8.459 8.216 7.823
9 9 9.423 8.534 8.238 8.012 7.934
10 10 8.561 7.789 7.637 7.427 6.981
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General Linear Models Procedure 
Repeated Measures Analysis of Variance 
Repeated Measures Level Information
Dependent Variable Y1 Y2 Y3 Y4
Level of TRT 0 30 60 90
Dependent Variable Y5
Level of TRT 120
General Linear Models Procedure 
Repeated Measures Analysis of Variance 
Partial Correlation Coefficients from the Error SS&CP 
Matrix /
Prob > 1r [
DP = 8 Yl Y2 Y3 Y4 Y5
Yl 1.000000
0.0
0.919648
0.0002
0.905922
0.0003
0.919252
0.0002
0.875987
0.000!
Y2 0.919648
0.0002
1.000000
0.0
0.987546
0.0001
0.983059
0.0001
0.966010
0.0001
Y3 0.905922
0.0003
0.987546
0.0001
1.000000
0.0
0.995609
0.0001
0.986432
0.0001
Y4 0.919252
0.0002
0.983059
0.0001
0.995609
0.0001
1.000000
0.0
0.975666
0.0001
Y5 0.875987
0.0009
0.966010
0.0001
0.986432
0.0001
0.975666
0.0001
1.000000
0.0
E = Error SS&CP Matrix
TRT.N represents the nth degree polynomial contrast for 
TRT
TRT. 1 TRT. 2 TRT. 3 TRT. 4
TRT. 1 
TRT. 2 
TRT. 3 
TRT. 4
0.658980
-.108947
0.272441
0.053683
-.108947
0.223963
-.057619
0.041032
0.272441
-.057619
0.204081
0.001372
0.053683
0.041032
0.001372
0.033705
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General Linear Models Procedure 
Repeated Measures Analysis of Variance 
Partial Correlation Coefficients from the Error SS&CP 
Matrix of the Variables Defined by the Specified 
Transformation /
Prob > [r j
DF = 8 TRT. 1 TRT. 2 TRT. 3 TRT. 4
TRT. 1 1.000000
0.0
-0.283591
0.4272
0.742909
0.0138
0.360210
0.3066
TRT. 2 -0.283591
0.4272
1.000000
0.0
-0.269514
0.4514
0.472270
0.1681
TRT. 3 0.742909
0.0138
-0.269514
0.4514
1.000000
0.0
0.016543
0.9638
TRT. 4 0.360210
0.3066
0.472270 
0•1681
0.016543
0.9638
1.000000
0.0
Test for Sphericity: Mauchly's Criterion = 0.0274664 
Chisquare Approximation = 26.661372 with 9 df 
Prob > Chisquare = 0.0016
Manova Test Criteria and Exact F Statistics for 
the Hypothesis of no TRT Effect 
H = Type III SS&CP Matrix for TRT E = Error SS&CP 
Matrix
Statistic
S=1
Value
Wilks' Lambda 0.01451
Pillai's Trace 0.98548
Hotelling-Lawley 67.90918 
Roy's Greatest 67.90918
M=1 N=2
F Num DF Den DF Pr > F
101.86
101.86
101.86
101.86
4
4
4
4
6
6
6
6
0.0001
0.0001
0.0001
0.0001
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General Linear Models Procedure 
Repeated Measures Analysis of Variance 
Univariate Tests of Hypotheses for Within Subject
Effects
Source: TRT
Adj Pr > F
DF Type III SS Mean Square F Value P r > F  G - G  H - F
4 18.8789163 4.7197291 151.61 0.0001 0.0001 0.0001
Source: Error(TRT)
DF Type III SS Mean Square 
36 1.1207305 0.0311314
Greenhouse-Geisser Epsilon = 0.4391 
Huynh-Feldt Epsilon — 0.5371
Appendix 7. Fast Fourier Transform 
The Fast Fourier Transformation (FFT) is used to convert time 
based data (recorded data) to frequency based data.
FFT is a class of highly efficient algorithms in computing and 
analyzing descrete-time signals and systems, especially 
Discrete Fourier Transform (DFT), which deals with the 
transformation of finite-duration sequences in time domain and 
frequency (Fourier) domain. Suppose x(n) is a finite duration 
sequence with length N, Then DFT of x(n) is given by the 
following equation.
J  2 Jen _
*<*> -I£ x ( n l  e  "
which is also a finite duration sequence with length N. 
Consequently the inverse DFT in terms of X(k) is given by,
Thus it forms a pair of Discrete Fourier Trasform, which is 
great important in signal processing.
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Appendix 8. EMG Data collect and Analysis Program
1. Data Collect Program
2. FFT Program
C FORTRAN SUBROUTINE FOR FFT ALGORITHM
C A IS AN N=2**IR POINT COMPLEX ARRAY WITH ITS REAL PART
A(l,i)
C AND IMAGINARY PART A(2,i)
C THE INPUT IS COMPLEX SIGNAL IN TIME DOMAIN AND THE
OUTPUT IS
IN FREQUENCY DOMAIN
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBROUTINE FFT(A,AA,IR)
REAL A(2,N),AA(N)
N=2**IR 
PI=3.1415926 
LIM1=N—1 
LIM2=N/2
THE FIRST PART IS INPUT SIGNAL AND PARAMETERS 
J=1
DO 3 1=1,LIM1 
IF(I.GE.J)GO TO 1 
A1=A(1,J)
A2=A(2,J)
A (1/J )—A (1,1)
A(2,J)=A(2,I)
A (1,I)=Al 
A (2 ,1)=A2 
L=LIM2
IF(L .GE.J )GO TO 3
J=J—L
L=L/2
GO TO 2
J=J+L
CALCULATIONS OF REAL AND IMAGINARY PART
DO 4 1=1,IR 
LIM1=2 * *(I-1)
LIM2=2**(IR-I)
DO 4 L=1,LIM2 
DO 4 M=1,LIM1 
LIM3=(M—1)+(L-l)*2*LIM1+1
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B1=A(1,LIM3)
B2=A(2,LIM3)
C1=A(1,LIM3+LIM1)
C2=A(2,LIM3+LIM2)
ARG=2.0 *PI*FLOAT{(M-1)*LIM2)/FLOAT(N) 
Al=Cl*COS(ARG)+C2*SIN(ARG) 
A2=-C1*SIN(ARG)+C2*C0S(ARG)
A (1,LIM3)=B1+Al 
A(2,LIM3)=B2+A2 
A (1, LIM3+LIM1)=Bl-Al 
A (2,LIM3+LIM1)=B2-A2
4 CONTINUE 
DO 5 1=1,N
5 AA(I)=SQRT(A(1,I)**2+A( 2,1)**2)
END
3. FFT conversion Program
program conversion;
Uses DOS,CRT; 
var
inp,outp : text;
fac : array [1..5] of real;
i,j,k : integer;
datm,expr,subj,infm : string;
dtst,strt,stp,dtch,conv : integer;
dlayt,sarat : real;
infile,outfile : string;
line : string;
ttt : string;
al,a2 : real;
tmp : string;
cnt : integer;
begin
clrscr;
if paramcount < 1 then begin
write('Enter input file name : '); 
readln(infile);
end
else infile := paramStr(l); 
assign(inp,infile); 
reset(inp); 
readln(inp,line);
readln(inp,dtst,dlayt,strt,stp,sarat,dtch,conv); 
readln(inp,fac[1],fac[2],fac[3],fac[4],fac[5]); 
close(inp);
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{display status} 
writeln;writeln ; 
writeln(7 Chanel use 
writeln(7 Starting channel 
writeln(7 Stop channel 
writeln(7 Total data set 
writeln(7 Sampling Rate 
writeln;writeln;
7,stp-strt+1);
7,strt);
7,stp);
7,dtst);
7,sarat:5:2, 7 ms7);
tmp := infile; 
for i := 1 to dtst do begin 
str(i,ttt);
infile := tmp+7-7+ttt;
writeln(infile+7 Good Processing7);
assign(inp,infile);
reset(inp);
outfile := infile + 7.dat7; 
assign(outp,outfile); 
rewrite(outp);
cnt := conv div (stp-strt+1); 
for j := 1 to cnt do begin
for k := strt to stp do begin 
readln(inp,al,a2);
write(outp,5000/2048*fac[k+l]*a2:11:3); 
end;
writeln(outp);
end;
close(outp);
end;
for i := 1 to 8 do
writeln(fac[i]:11:3);
end.
4. FFT Adjust Program 
program adjust;
Uses dos,crt; { Delete this line for TP 3.0 }
{ For above 4.0, leave this line }
var
inp,outp : text; 
gain : real;
tmp : array [1..8] of real; 
infile,outfile : string[20]; 
i : integer;
no_of_channel : integer;
begin
clrscr;
writeln(7ADJUST actual and Preamplifier gain7);
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writeln;writeln;
write{'Enter input file name : '); readln(infile);
write('Enter output file name : '); readln(outfile);
assign(inp,infile);
reset(inp);
assign(outp,outfile);
rewrite(outp);
writeln;
write('Enter voltage gain : '); readln(gain);
write('Enter no. of channel : ');readln(no_of_channel);
writeln;
while not eof(inp) do begin
for i := 1 to no_of_channel do begin 
read(inp,tmp[i]); 
tmp[i] := tmp[i] * gain; 
write(outp,tmp[i]:9:4);
end;
writeln(outp); 
readln(inp);
end;
close(inp); 
close(outp); 
end.
Appendix 9. Experiment sign-up form
Experiment Sign-Up Form
My signature, on this sheet, by which I volunteer to 
participate in the experiment on "Fatigue effects on manual 
lifting acceleration" conducted by lifting experiment which 
means 4 lifts per minute with 35 lbs load box, continuously 
during 2 hours. Each lifting work is performed after beep (15 
second interval) without the lowering work.
Experimenter
indicates that I understand that all subjects in the project 
are volunteers, that I can withdraw at any time from the 
experiment, that I have been or will be informed as to the 
nature of the experiment, that the data I provide will be 
anonymous and my identity will not be revealed without my 
permission, and that my performance in this experiment may be 
used for additional approved projects. Finally, I shall be 
given an opportunity to ask questions prior to the start of 
the experiment and after my participation is complete.
I understand that the University will provide first-aid 
medical treatment in the unlikely event of physical injury 
resulting from research procedures. Additional medical
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treatment will be provided in accordance with the University's 
determination of its responsibility to do so. The University 
does not, however, provide compensation to a person who is 
injured while participating as a subject in research.
Subject's signature date
Appendix 10. EMG sample output
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